amino-3-hydroxy-5methyl-4-isoxazole propionate; BSA: bovine serum albumin; CAMs: cell adhesion molecules; ELISAs: enzyme linked immunosorbent assay; GR: glucocorticoid receptor; HEPES: N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid; MR: mineralocorticoid receptor; NCAM: neural cell adhesion molecule; NMDA: N-methyl-Daspartate; PSA: c-2,8-1inked polysialic acid; SDS: sodium dodecyl sulphate; SDS-PAGE: sodium dodecyl sulphate polyacrylamide gel electrophoresis. chronic stress, we also evaluated plasma corticosterone levels and the hippocampal expression of the corticosteroid mineralocorticoid receptor (MR) and glucocorticoid receptor (GR). The results showed that the protein concentration of the NCAM-140 isoform decreased in the hippocampus of stressed rats. This effect was isoform-specific, because NCAM-120 and NCAM-180 levels were not significantly modified. In addition, whereas basal levels of plasma corticosterone tended to be increased, MR and GR concentrations were not significantly altered. Although possible changes in NCAM-120, and corticosteroid receptors at earlier time points of the stress period cannot be ignored, this study suggests that a down-regulation of NCAM-140 might be implicated in the structural alterations consistently shown to be induced in the hippocampus by chronic stress exposure. As NCAM-140 is involved in cell-cell adhesion and neurite outgrowth, these findings suggest that this molecule might be one of the molecular mechanisms involved in the complex interactions among neurodegeneration-related events. KEYWORDS neurodegeneration, mineralocorticoid receptor, glucocorticoid receptor, corticosterone, neural plasticity, learning (C) 2002 Freund & Pettman, U.K.
INTRODUCTION
Chronic exposure to stress or to glucocorticoid hormones has been shown to result in brain and cognitive disturbances (McEwen, 1999; Sapolsky, 1999) . Available evidence obtained in rats indicates that sustained stress induces a time-dependent neurodegeneration in the hippocampus, which goes from an initial reversible damage (McEwen, 1999) to a more enduring vulnerability to metabolic insults , which under certain circumstances could lead to overt neuron loss (Sapolsky, 2000) . The reversible phase of hippocampal damage occurs after 3 to 4 wk of exposure to either high levels of corticosterone (Watanabe et al., 1992b; Wooley et al., 1990) or to repeated stressful situations (Magarifios & McEwen, 1995a , 1995b Sousa et al., 2000; Watanabe et al., 1992a McEwen, 1995a, 1995b; Sousa et al., 2000; Watanabe et al., 1992a Watanabe et al., , 1992b Wooley et al., 1990) , which some authors have detected in other hippocampal subregions as well (Sousa et al., 2000; Wooley et al., 1990) . In addition, presynaptic mossy fiber terminals also show profound ultrastructural alterations (Magarifios et al., 1997) . Although a general consensus has not been reached about whether such structural changes result in impaired hippocampa! function (Bodnoff et al., 1995) , several studies have shown that such chronic treatments result in altered performance in hippocampus-dependent learning tasks, including spatial learning impairments on a number of mazes (Bardgett et al., 1994; Conrad et al., 1996; Luine et al., 1994) and the potentiation of contextual fear conditioning (Conrad et al., 1999; Sandi et al., 200 Sandi and Loscertales, 1999; Venero et al., 1996; 2002) . These cell surface glycoproteins play key roles in neural development, synaptic plasticity and stabilization, neurogenesis, regeneration of the nervous system, and learning and memory mechanisms (Fields & Itoh, 1996; Ronn et al., 2000; Schachner, 1997; Sandi et al. 1995; Sandi, 1998; Murphy & Reagan, 1998) . Using the 21-d restraint stress protocol that reportedly induces the described neuronal dendritic atrophy in rat hippocampus (see above), our group found that whereas L1 mRNA was increased, the expression of NCAM mRNA was decreased in the hippocampus of stressed rats (Venero et al., 2002 ).
An important feature of NCAM is that it comprises several isoforms, derived by alternative splicing from a single gene (Cunningham et al., 1987 ).
Given the different localization and role played by the various NCAM isoforms (Jorgensen, 1995; For the quantification of autoradiographic films, images were captured by high-resolution (600 x 600 dpi), 8 bit (256 grey level) microdensitometry with a falt-bed scanner (AGFA Arcus II). Video images of the autoradiograhs were converted to grey values and analyzed for optical density measurements using image-analysis software (LeicaQwin). The integrated measures of band optical density multiplied by the area in number of pixels were recorded.
As can be seen in Fig. 1 should be noted that a slight tendency toward significance was found for the reduction in MR levels observed in the stress group, as compared with control animals.
Corticosterone levels. Basal corticosterone levels were evaluated in control and stressed rats. There was a tendency for chronically stressed rats to display higher corticosterone levels (44.61 _+ 9.14 ng/mL) than did controls (24.85 +5.29 ng/mL), which only approached significance (t 1.9, p 0.08).
Body weight. In both groups, body weight gradually increased throughout the restraint stress procedure ( Fig. 4; F 237 .82, p<0.0001). The percent body weight gained along the whole restraint period was significantly lower in stressed than in undisturbed control rats (F 93.7, p<0.0001 (Venero et al., 2002) . In the adult rodent brain, the transmembrane isoforms, NCAM-140 and NCAM-180, are mainly expressed in neurons (Gegelashvili et al., 1993) , whereas NCAM-120 (and to a lesser extent NCAM-140) seems to be the predominant species in glial ceils (Noble et al., 1985 (Endo et al., 1999) , it is tempting to speculate that down-regulation of NCAM-140 is one of the molecular mechanisms involved in the complex interaction of neurodegeneration-related events (Brodkey et al., 1993; Sapolsky, 2000) . As already mentioned, NCAM-140 can be expressed on pre-and post-synaptic membranes and exerts its adhesive properties through homophilic and heterophilic binding (Schachner, 1997) . Therefore, a decrease in the concentration of NCAM-140 might reduce cell-cell adhesion, and the resulting elimination of synaptic contacts eventually might lead to a loss of spines (McKinney et al., 1999) and dendritic shrinkage.
In addition, NCAM-140 has been shown to be critically involved in neurite outgrowth through the activation of different transduction pathways (Doherty et al., 1995; Kolkova et al., 2000) . Therefore, it seems plausible to propose that a reduction in the concentration of this isoform could result in the converse structural phenomenon; namely, dendritic retractionas found after chronic stressins,c.a of neurite outgrowth. Although biosynthesis-independent pathways cannot be discarded (Endo et al., 1999) , previous data from our laboratory support the view that chronic stress impinges on the mechanisms involved either in the synthesis of NCAM and/or on a feedback system that governs mRNA splicing in response to different modulatory actions (Venero et al., 2002) . Available evidence supports the view that glutamatergic transmission, which has been implicated in stressinduced neurodegenerative processes (McEwen, 1999; Sapolsky, 2000) , might be involved in the down-regulation of NCAM-140 observed in our study. Glutamate levels are known to be increased by stress and glucocorticoids in the hippocampus (Moghaddam et al., 1994; Venero and Borrell, 1999) and glutamate receptors to be subsequently regulated. Particularly relevant for the purpose of this discussion is that AMPA glutamate receptors, whose activation was shown to stimulate the NCAM promoter (Holst et al., 1998) , appear to be diminished by exposure to stressful situations (Bartanusz et al., 1995) .
Although, based on the results of our earlier in situ hybridization studies (Venero et al., 2002) , we did not expect to observe changes in NCAM-180 concentration in the current study, the lack of modulation of this molecule after chronic stress is, somehow, an unexpected finding. Given that, as opposed to NCAM-140, the lateral mobility of NCAM-180 within the surface membrane is markedly reduced because of its interaction with the membrane-cytoskeleton linker protein spectrin, NCAM-180 has been proposed to be critical for the stabilization of cell contacts at synaptic sites and to play a role in modulating synaptic efficacy (Pollerberg et al., 1986) and remodeling (Schachner, 1997; Schuster et al., 1998) . Because chronic stress affects hippocampal structure (Magarifios & McEwen, 1995a , 1995b Magarifios et al., 1997; Sousa et al., 2000; Watanabe et al., 1992a) and cognitive processes (Bardgett et al., 1994; Conrad et al., 1996 Conrad et al., , 1999 Luine et al., 1994; Sandi et al., 2001 ), a modulation ofNCAM-180 levels by stress could have been expected. The failure, however, to find changes in the concentration of this isoform in our study should not be interpreted as a lack of involvement of this NCAM species on the neuronal modifications induced by chronic stress. This isoform has been proposed as the major carrier of c2-8 linked polysialic acid (PSA) homopolymers (Doyle et al., 1992) , and PSA-NCAM is increased in the hippocampus of rats submitted to the same chronic restraint procedure . Polysialylation is a posttranslational modification of NCAM that interferes with NCAM-and L 1-mediated adhesion, eventually leading to decreased membrane-membrane contacts and attenuation of cell interactions (Regan, 1991; Rougon, 1993; Rustihauser & Landsmesser, 1996) . Therefore, changes in the polysialylation state of NCAM-180 might participate in the structural alterations impinged by stress.
In addition, it should be noted that the time point selected in our study for the evaluation of NCAM expression was designed to assess changes in steady-state of the different isoforms after stress exposure. Possible changes in the prevalence of NCAM-180 polypeptide occurring dynamically at earlier time points of the stress period, and eventually returning to baseline concentrations with repeated exposure, cannot be detected with our experimental design. Although further experiments are needed to specifically address the question of whether a time-dependent regulation of NCAM-180 expression occurs at an earlier time in the repeated stress procedure, the available evidence suggests that this could be the case. For example, whereas brief stimulation of the N-methyl-D-aspartate (NMDA) glutamate receptor, which has been implicated in the dendritic atrophy induced in the hippocampus by chronic stress (Magarifios & McEwen, 1995a) , increased NCAM-180 levels, prolonged infusions of NMDA were followed by a substantial decrease in the concentration of this isoform (Hoffman et al., 2001 (Herman et al., 1999; Paskitti et al., 2000) . The failure of a downregulation of GRs observed here contrasts with previous reports (Sapolsky et al., 1984; Gomez et al., 1996) but agrees with data from other studies showing unmodified levels of GRs after exposure to stress procedures of similar duration (Herman & Spencer, 1998; Mamalaki et al., 1993) . It has been suggested that the corticosterone levels induced by chronic stress procedures might not be high enough to induce the down-regulation of GRs (Herman & Spencer, 1998) . Nevertheless, given that our study was performed on homogenates of the whole hippocampus, the possibility that local changes occurring in specific hippocampal subregions like the decrease found in GR mRNA in CA3 after chronic stress (Paskitti et al., 2000) were neglected cannot be discarded. Fu-thermore, we should also mention that, as argued above, our experimental design did not allow the assessment of possible dynamic changes in the expression of corticosteroid receptors that, according to previous data (Paskitti et al., 2000) , might have occurred earlier in the stress procedure.
It should also be noted that the validity of the restraint procedure to induce chronic stress in our study was supported by the substantial reduction in body weight, and a tendency of basal corticosterone levels to increase, which agree with results from previous studies using the same stress protocol (Magarifios & McEwen, 1995a, b; Sandi et al., 2001; Venero et al., 2002) .
CONCLUSIONS
The protein concentration of the NCAM-140 isoform was reduced in the hippocampus of rats submitted to a 21-d restraint stress protocol. Given that NCAM-140 is involved in cell-cell adhesion and neurite outgrowth, these findings suggest a role of this molecule on the dendritic atrophy that has been consistently shown to be induced in the hippocampus by chronic stress exposure. Although no changes were found in the expression of the two other major NCAM isoforms, NCAM-120 and NCAM-180, or in the protein content of the two corticosteroid receptors MR and GR, the possibility of dynamic regulations occurring in these molecules, either at an earlier time of the stress procedure or in specific hippocampal subfields, cannot be discarded. 
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